Nicotine self-administration models typically evaluate the effects of smoking cessation aides on 'primary reinforcement' engendered by nicotine. However, the more recently described reinforcement enhancing effects of the drug are not always included in experimental analyses of potential therapeutics. We evaluated the effects of pretreatment with noncompetitive antagonists of the metabotropic glutamate 5 receptor (mGluR5) on each reinforcement-related effect of nicotine using a model in which a reinforcing visual stimulus (VS) and nicotine infusions were concurrently available. Five groups (2-lever, VS-only, NIC + VS, NIC-only, or SAL-only) were instrumented for self-administration. The 2-lever group could earn a nicotine infusion (0.06 mg/kg per infusion free base) for meeting the schedule on one lever (eg right), or VS for meeting the schedule on the other lever (eg left). The VS-only group could earn VS or saline under similar contingencies. Remaining rats could press one lever to earn both reinforcers (NIC + VS), nicotine infusions (NIC-only), or saline infusions (SAL-only); the other lever was 'inactive'. Responding on the VS lever in the 2-lever group was greater than that of the VS-only group, reflecting the reinforcement-enhancing effect of nicotine. Pretreatment with 2-methyl-6-(phenylethynyl)-pyridine (MPEP) or 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (MTEP) decreased nicotine intake as well as the enhanced responding for the concurrently available VS. In follow-up studies, replacing nicotine via experimenter-administered infusions sustained the drugs reinforcement enhancing effect; neither MPEP nor MTEP decreased the enhancing effects of nicotine. These findings are consistent with other studies suggesting that mGlu5 receptors mediate nicotine seeking, but do not alter the reinforcement enhancing effects of nicotine.
INTRODUCTION
Therapeutic approaches to tobacco dependence are predicated on the assumption that nicotine is the primary reinforcement derived from tobacco; tobacco is consumed to obtain the pharmacological effect of nicotine, and this effect strengthens future tobacco consumption (USDHHS, 1988) . Cessation therapies attempt to weaken tobacco consumption behavior by breaking its contingency with nicotine reinforcement. This is typically accomplished by eliminating, weakening, or devaluing the effects of the nicotine reinforcer (antagonism/extinction, Prignot, 1989; Stolerman, 1986) , or by 'replacing' the reinforcer (or something similar) using a separate response (Jorenby et al, 1999 (Jorenby et al, , 2006 Rose et al, 1985) . In either case the association between smoking and nicotine reinforcement is attenuated.
Although bupropion and nicotine replacement therapies are currently the most successful clinical cessation aides, when they are used in preclinical models of nicotine selfadministration they have mixed effects (Bruijnzeel and Markou, 2003; Rauhut et al, 2003; Shoaib et al, 2003) or require extreme dosing (eg LeSage et al, 2002 LeSage et al, , 2003 that can sometimes interfere with ongoing behavior unrelated to nicotine seeking (Mansbach et al, 2000; Rauhut et al, 2003) . One reason for this may be the complex motivational effects of nicotine; smoking (Rose et al, 2003) and nicotine selfadministration (Donny et al, 2003) are behaviors that depend on more than simple primary reinforcement by nicotine. For example, in rodent self-administration we have found that nicotine has a potent 'reinforcement enhancing' effect in which drug administration increases the rate of responding for reinforcing sensory stimuli Donny et al, 2003) . This enhancing effect is thought to derive from a change in the reinforcing properties of the stimulus (Palmatier et al, 2007b) .
One important aspect of the reinforcement enhancing effect of nicotine is that it could confound preclinical investigation of cessation aides. Traditionally, nicotine selfadministration in nonhuman subjects is 'cued', meaning that a sensory stimulus signals delivery of the infusion and/or a brief 'time-out' from further reinforcement. Investigating a therapeutic agent in this paradigm could be problematic if it had different effects on the primary reinforcing and reinforcement enhancing effects of nicotine. For example, a drug that reduces the motivation to take nicotine but does not alter the reinforcement derived from sensory stimuli or nicotine's enhancement of that reinforcement could lead to inconsistent or noninterpretable findings. Devaluation of nicotine reinforcement should decrease responding, but no change or inflation of stimulus reinforcement could counteract that effect and limit the impact of the pretreatment drug.
We have recently developed a preclinical model of selfadministration with more fidelity for the dual motivational effects of nicotine. In this paradigm, rats have concurrent access to two response options; making one response (eg pressing the left lever) results in nicotine delivery, making the other response (eg pressing the right lever) results in presentation of a reinforcing visual stimulus (VS). When these contingencies are in force, responding for nicotine occurs at low rates because the drug alone is a relatively weak reinforcement (Donny et al, 2003) , whereas responding for VS occurs at higher rates than for a VS-only control group because VS-derived reinforcement is enhanced by the self-administered nicotine (Palmatier et al, , 2007a . Using this model to dissociate the two reinforcementrelated effects of nicotine should isolate the nature of the effect of potential pharmacotherapies on operant behavior. For example, replacement therapies that decrease nicotine reinforcement and increase sensory reinforcement are expected to have opposite effects on each response option. However, in a self-administration paradigm, manipulations that decrease nicotine-intake would simultaneously attenuate a reinforcement enhancing effect; nicotine must be administered in order to observe the potentiating effect of the drug (Palmatier et al, 2007b) . In such cases confirming that a manipulation selectively reduces nicotine seeking requires that the enhancing effects of nicotine are instantiated by a 'forced' nicotine administration (ie noncontingent infusion).
Using the concurrent access model, the present studies sought to investigate a potential novel pharmacotherapeutic target for smoking cessation, the metabotropic glutamate 5 receptor (mGluR5). Recent studies by Markou and colleagues (Harrison et al, 2002; Paterson and Markou, 2005; Paterson et al, 2003) suggest that the mGluR5 system may mediate primary reinforcement by nicotine, without impinging upon the reinforcement enhancing effects of drug administration. For example, administration of a selective antagonist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP), decreased nicotine self-administration in rats and mice and decreased the motivation to take nicotine as measured on a progressive ratio schedule (Paterson and Markou, 2005) . In contrast, MPEP did not alter nicotine's ability to lower intracranial self-stimulation thresholds (Harrison et al, 2002) , suggesting the mGlu5 systems may not mediate the reinforcement enhancing effects of nicotine. To further examine the potential selectivity of mGlu5 systems for primary reinforcement by nicotine, rats with concurrent access to nicotine and VS were pretreated with MPEP. The effects of a more potent and selective mGluR5 antagonist 3- [(2-methyl-1,3-thiazol-4-yl) ethynyl]pyridine (MTEP, Cosford et al, 2003) were also investigated.
METHOD Subjects
Male Sprague-Dawley rats (Harlan Farms, Indianapolis, IN, USA) that weighed 174-200 g on arrival were housed individually in wire mesh cages in a temperature-and humidity-controlled colony room that was on a reverse 12 : 12 h light : dark cycle. Rats were given unrestricted access to food and water for 7 days after their arrival, food access was subsequently restricted to 20 g per day allowing limited growth throughout the remainder of the study (Donny et al, 1995) .
Apparatus
All experimental sessions were conducted in 25 Â 31 Â 28 (w Â l Â h) cm 3 operant conditioning chambers (BRS/LVE Model RTC-020, MD; see Donny et al, 1995 for further details). The compound VS was a 1-s illumination of the white cue light located directly above the 'VS' or 'active' lever, followed by 1-min deactivation of the house light. During each session rats were connected to a swivel system that allowed intravenous infusions to be delivered while also allowing free movement within the chamber.
Drugs
Nicotine hydrogen tartrate salt (Sigma, St Louis, MO), MPEP, and MTEP were dissolved in 0.9% saline; MPEP was donated by the National Institute on Drug Abuse (Bethesda, MD; Experiment 1) or purchased from Sigma (Experiment 2), MTEP was donated by Eli Lilly & Company (Indianapolis, IN). Nicotine solution pH was adjusted to 7.0 ( ± 0.2) with a dilute NaOH solution. Nicotine was delivered at 0.06 mg/kg in a 0.1 ml/kg infusion; unit dose was calculated from the base form of nicotine. All nicotine infusions were delivered in less than 1 s. MPEP and MTEP were injected into the intraperitoneal cavity (IP), MPEP was injected at a volume of 2 ml/kg and MTEP was injected at 1 ml/kg.
Procedure
Lever training. Rats were autoshaped to press two levers for sucrose pellets as described previously . After a preference test for side bias, rats were randomly assigned to one of four groups (2-lever, NIC + VS, NIC-only, or VS-only), and each rat was randomly assigned an infusion and a VS lever or an active and an inactive lever, depending on group (see later). Lever preferences were counterbalanced as much as allowed by the samples and were matched across groups. Left vs right lever preference ratios in each group were not statistically different, Fo1.
Surgery. Rats were implanted with chronic indwelling jugular catheters after lever training. Catheters were constructed and maintained as previously described (Donny et al, 1999) . Catheter patency was established with mGluR5 and nicotine reinforcement200 mg/kg infusions of chloral hydrate after the last antagonist testing sessions; rats that did not display symptoms of anesthesia within 1-min were excluded from analyses.
Acquisition. Self-administration testing began 10-14 days after surgery and was performed in 1-h sessions 5 days per week. Before each session, rats were placed in experimental chambers and connected to the drug-delivery system. Illumination of the house light and extension of the levers signaled the start of each session. For 2-lever groups, pressing the VS lever resulted in 1-s illumination of the cue light followed by 60-s deactivation of the house light; pressing the VS-lever had no subsequent programmed consequence during this period. Pressing the infusion lever resulted in delivery of a nicotine infusion; subsequent infusions were not available until a 60-s time-out period had expired. Training contingencies were identical for the VSonly group except that pressing the infusion lever resulted in a 0.1 ml/kg saline infusion. NIC + VS groups received a 0.06 mg/kg nicotine infusion and VS for pressing the active lever. In contrast, NIC-only groups could only earn a 0.06 mg/kg nicotine infusion for pressing the active lever. A SAL-only control group was included in Experiment 2. For these rats, pressing the active lever resulted in a 0.1 ml/kg saline infusion. For the NIC + VS, NIC-only, and SAL-only groups pressing the inactive lever had no scheduled consequences. The reinforcement schedule began at a fixed ratio of 1 (FR1, sessions 1-12), and was increased to FR2 during all remaining testing sessions. For rats with two active levers (2-lever and VS-only), the schedule of reinforcement had to be met on each lever to receive the appropriate reinforcement (infusion or VS), the schedule on each lever was always identical and was equivalent to groups with one active lever (NIC + VS and NIC-only; see Palmatier et al, 2006 for more details). In order to habituate the rats to the injection protocol, each subject was administered an IP injection of saline 30 min before each of the last three sessions (sessions 20-22). Table 1 provides a schematic representation of the groups, subject numbers, and drug pretreatment tests for each of the specific experiments. Each experiment included separate subjects and data were analyzed independently.
Specific Experiments
Experiment 1: MPEP dose. Initial tests with MPEP evaluated the relationship between test dose and responding for nicotine, VS, or both. Accordingly, nicotine infusions and VS presentations were available for meeting the operant schedule on the appropriate lever during these tests. Rats received IP MPEP (3, 6, or 12 mg/kg) 30 min before testing on sessions 23, 26, and 29. Dosing order for each subject was based on a Latin Square. On intervening sessions (sessions 24-25, 27-28, and 30-31) rats were pretreated with 0.9% saline (IP) in order to sustain steady-state behavior and to determine whether the test compounds had any cumulative or nonspecific effects that persisted for more than 24 h. Data from these intervening tests were pooled for each subject and served as the 0 mg/kg test dose for each compound after determining that there were no persistent effects.
Experiment 2: Effects of MPEP with nicotine replacement. In Experiment 1 MPEP reduced nicotine intake and responding for VS (see Results). Since we had shown previously that removing nicotine immediately abolishes the reinforcement enhancing effect (Palmatier et al, 2007b) , it was unclear if MPEP directly attenuated the reinforcement enhancing effect of nicotine in the present study or if responding for the stimulus decreased because nicotineintake decreased. Subsequent tests evaluated the effect of MPEP (12 mg/kg, Experiment 2) on responding when nicotine infusions were 'replaced' (ie experimenter administered). During the test sessions, rats that previously had access to VS (2-lever, VS-only, and NIC + VS groups) continued to have access to VS for making a response on the appropriate lever. However, infusions were controlled by the experimenter and no longer available for pressing the infusion/active lever. Eight nicotine (2-lever, NIC + VS, and NIC-only groups) or saline (VS-only group) infusions were administered across the first 40 min of the test session according to a schedule that replicated, on average, the intervals at which 0.06 mg/kg nicotine is self-administered in the 2-lever and NIC-only group . Note that the VS-only condition tests for nonspecific effects of MPEP with a suitable operant baseline (eg comparable to (9) NIC-only (7) VS-only (7) 4 2-Lever (10) F 0 or 2 mg/kg MTEP (session 32 or 35)+8 NIC or SAL infusions NIC+VS (11) NIC-only (7) VS-only (7) Abbreviations: MPEP, 2-methyl-6-(phenylethynyl)-pyridine (injected IP 30 min before test sessions); MTEP, 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine (injected IP 30 min before test sessions); NIC, nicotine (0.06 mg/kg/infusion). VS, compound visual stimulus (1-s stimulus light on followed by 1-min house light off); F Indicates subjects did not participate in the antagonist test.
mGluR5 and nicotine reinforcement MI Palmatier et al NIC-only group). As a result, the SAL-only group was excluded from antagonist tests and the subjects with patent catheters were used to collect exploratory data for another study. Nicotine replacement tests occurred on sessions 23 and 26 and were split across two sessions so that, within each group, half of the subjects received IP injections of the test compound before session 23 (MPEP test), and IP injections of saline before session 26 (saline test). For the remaining rats, test order of was reversed (ie saline first, MPEP second). In order to maintain steady state behavior, the intervening sessions (eg sessions 24-25) were preceded by 0.9% saline injection and reinforcement contingencies were identical to Acquisition; nicotine or saline infusions and/or VS were available for meeting the schedule on the appropriate lever. Data from these intervening sessions were pooled and served as a 'self-administration' control so that the effects of nicotine replacement and antagonist pretreatment could be evaluated independently.
Experiment 3: MTEP dose. Experiment 3 was identical to Experiment 1 except than rats were pretreated 1, 2, or 4 mg/kg MTEP in sessions 23, 26, or 29.
Experiment 4: Effects of MTEP with nicotine replacement.
The tests for this experiment were performed on later sessions (sessions 32 and 35) because Experiments 3 and 4 were conducted simultaneously. Therefore, the doseresponse relationship established for MTEP in Experiment 3 (sessions 23-31) was used to select a pretreatment dose in the nicotine replacement tests (sessions 32 and 35). Experiments 3 and 4 each used separate subjects; rats were randomly assigned to one of the experiments on day 23 (end of acquisition) with the constraint that response rate and reinforcers earned was matched across studies.
Data Analyses
Analyses of response rates were similar to Palmatier et al (2006) . Nicotine-seeking and VS-seeking were analyzed independently. Active-lever responding for the NIC + VS group was included in both sets of analyses. The SAL-only control group was also included in both sets of analyses as a 'nonreinforced' control group. Omnibus analyses (including all independent factors and repeated conditions) for acquisition included group as a between subjects factor and session as a within subjects factor. In Experiments 1 and 3 (MPEP/MTEP dose tests), group and dose were the independent factors. For Experiments 2 and 4 (nicotine replacement tests), group and test served as the independent factors. Follow-up t-tests prompted by significant interactions included Boferroni's correction for alpha inflation (eg p ¼ 0.05/12 comparisons). Dunnett's t-tests were used to contrast responding in control groups (eg SAL-only) with experimental groups when omnibus ANO-VA revealed a significant group effect involving more than two conditions. F-values and degrees of freedom are reported in Tables 2 and 3 . An a priori a criterion was set at pp0.05 for all comparisons; multiple p-values are reported as 'p's'.
RESULTS

Acquisition
Analyses of responding during the acquisition phase used data collected from rats in Experiment 2 because this experiment included a SAL-only comparison group. Similar patterns were observed in the other experiments. The SALonly group served as a nonreinforced control and was therefore included in both analyses of nicotine-seeking and VS-seeking.
Nicotine-seeking. During acquisition, rats with access to nicotine (NIC + VS, 2-lever, and NIC-only) responded at higher rates on the nicotine-associated lever relative to rats with access to saline infusions (SAL-only; Figure 1 ). Responding for nicotine decreased or did not change across FR1 sessions depending on group (group Â session interaction, po0.001). Follow-up tests demonstrated that infusion-lever responding was similar in all groups during the first six sessions (p'sX03). Rats in the NIC + VS group responded more on the active lever than SAL-only controls from sessions 7-12 (p's0.002). For 2-lever and NIC-only groups responding for nicotine infusions did not differ from active-lever responding in SAL-only controls during FR1 sessions (p'sX0.013). During FR2 sessions, active-lever (NIC-only group) and nicotine-lever (2-lever group) responding was significantly higher than active-lever responding in SAL-only controls (p'sp0.01).
VS-seeking.
The reinforcement enhancing effects of nicotine were evidenced by an increase in responding for VS when rats had concurrent access to nicotine (2-lever group), relative to rats responding for VS with concurrent access to saline infusions (VS-only group). During initial FR1 sessions, responding on the VS-associated lever in all groups (2-lever, NIC + VS, and VS-only) was similar to SAL-only controls. However, as FR1 testing progressed, Includes responses that result in nicotine infusion (2-lever, NIC+VS, and NIC-only groups) or saline (SAL-only group). b Includes responses that result in VS presentation (2-lever, NIC+VS, and VS-only groups) or saline (SAL-only group). The SAL-only group is included in both sets of analyses as a 'nonreinforcement' control.
VS-seeking increased in 2-lever and NIC + VS groups relative to the SAL-only group (group Â session interaction, po0.001). This was confirmed by follow-up tests demonstrating that VS-lever responding in the 2-lever group differed from SAL-only controls on sessions 10-12 (p'sp0.003); active-lever responding for the NIC + VS group differed from SAL-only controls on sessions 7-12 (see Nicotine-seeking). For the VS-only group, VS-lever responding on an FR1 did not differ from active-lever responding in the SAL-only group (p'sX0.045). During FR2 sessions this pattern was sustained (main effect of group, p ¼ 0.002); however the VS-only group responded significantly more on the VS-lever, relative to active-lever responding in the SAL-only group (p ¼ 0.02).
MPEP and MTEP Dose (Experiments 1 and 3)
These tests evaluated the effects of various doses of MPEP (Experiment 1) and MTEP (Experiment 3) on nicotine seeking (ie responding on the nicotine-associated lever) and VS seeking (ie responding on the VS-associated lever) in each group. The description of analyses has been separated according to construct (nicotine-or VS-seeking) for ease of presentation. Figure 2a ) significantly reduced nicotine seeking in these tests (main effect of dose, po0.001). Follow-up tests confirmed that 12 mg/kg MPEP decreased responding on the nicotineassociated lever in the 2-lever and NIC + VS groups (p'sp0.001). Despite a lower baseline of nicotine-lever responding, the 2-lever group was more sensitive to this effect of MPEP, as the 6 mg/kg dose significantly decreased responding on the nicotine lever (p ¼ 0.003). A similar Includes responses on the lever associated with nicotine infusion, 2-lever and NIC+VS groups for Experiment 1 (MPEP dose) and 2-lever, NIC+VS, and NIConly groups in Experiment 3 (MTEP Dose). b Includes responses that result in VS presentation (2-lever, NIC+VS, and VSonly groups). SAL-only group was not included in this phase of Experiment 2.
Nicotine-seeking. Pretreatment with MPEP (
Figure 1 Mean (±SEM) active lever responding for rats with concurrent access to nicotine and a reinforcing visual stimulus (VS, 2-lever group), rats that received both reinforcers for pressing a single active lever (NIC + VS group), groups that only received access to one of the reinforcers (VS-only or NIC-only groups), and a nonreinforced control condition (SAL-only group). Nicotine (NIC-only vs SAL-only) and VS (VS-only vs SAL-only) both served as primary reinforcers when they were self-administered in isolation (sessions 12-22), and self-administered nicotine enhanced responding for VS (VS-only vs 2-lever).
mGluR5 and nicotine reinforcementpattern of results emerged for MTEP pretreatment (Figure 2b ), there was a dose-dependent decrease in nicotine seeking (main effect of dose, po0.001). Pretreatment with 2 or 4 mg/kg MTEP decreased responding on the nicotine-associated lever in the 2-lever, NIC-only, and NIC + VS groups (p'sp0.008).
VS-seeking. MPEP (Figure 2a ) dose dependently decreased responding for VS in groups that demonstrated a reinforcement enhancing effect of nicotine (group Â dose interaction, p ¼ 0.01). As illustrated in Figure 2a , MPEP did not affect responding in the VS-only group (p'sX0.39). However, VSlever responding was significantly reduced by 12 mg/kg MPEP in the NIC + VS and 2-lever groups (p'so0.001) and reached levels not significantly different from the VS-only group. This pattern was nearly identical for rats pretreated with MTEP ( Figure 2b , group Â dose interaction, po0.001).
Pretreatment with 2 and 4 mg/kg MTEP decreased responding on the VS-associated lever for rats in the NIC + VS and 2-lever groups (p'sp0.006), but did not decrease responding for the VS-only group (p ¼ 0.61).
Effects of MPEP and MTEP with Nicotine Replacement (Experiments 2 and 4)
In the MPEP and MTEP dose tests, the parallel attenuation of nicotine and VS-seeking could be the result of a direct effect of the antagonists (ie mGluR5 mediates the reinforcement enhancing effect of nicotine) or an indirect effect of decreased nicotine self-administration (ie no reinforcement enhancing effect is expected if nicotine is not selfadministered). To investigate these hypotheses, rats were pretreated with an mGluR5 antagonist (12 mg/kg MPEP in Experiment 2, 2 mg/kg MTEP in Experiment 4) or vehicle 30 min before test sessions in which the normal contingencies were in place, but rats received experimenter-administered nicotine.
Nicotine-seeking. Pretreatment with MPEP ( Figure 3a ) significantly reduced nicotine seeking in the nicotine replacement tests (main effect of test, po0.001). As illustrated in Figure 3a , pretreatment with 12 mg/kg MPEP (black bars) decreased the nicotine-associated response, relative to pre-test response rates (open bars), in the 2-lever, NIC-only, and NIC + VS groups (p'sp0.02). Experimenter administered nicotine did not disrupt nicotine seeking in any group; response rates on the saline test (hatched bars) did not differ from the pre-test control (p'sX0.33). A similar pattern emerged for rats pretreated with 2 mg/kg MTEP (Figure 3b) , the significant effect of test (po0.001) was specific to MTEP pretreatment in all three groups (p'sp0.04) and there was no effect of experimenteradministered nicotine on nicotine seeking (p'sX0.71). Notably, MPEP caused a disproportionate decrease in active-lever responding for the NIC + VS group (grouptest interaction, p ¼ 0.01), this could have been the result of a nonspecific effect of MPEP on operant responding. Notably, this pattern was not confirmed in parallel tests with the more selective and potent compound (MTEP). Figure 3a) only decreased VS seeking when this measure was confounded with nicotine seeking (NIC + VS group). Inclusion of the NIC + VS group resulted in a significant group Â test interaction (p ¼ 0.002, Figure 3a ) in the Omnibus ANOVA; for these rats VS-seeking on the MPEP test differed significantly from responding on pre-test sessions (p ¼ 0.008). Neither experimenter-administered nicotine nor MPEP pretreatment affected VS seeking in the 2-lever group, VS-lever responding on the pre-test did not differ from responding on the MPEP (p's ¼ 0.56) or saline (p'sX0.79) tests. The VS-only group confirmed that MPEP pretreatment did not have any nonspecific effects on responding or reinforcement by VS (p ¼ 0.66). A similar pattern emerged for rats pretreated with 2 mg/kg MTEP ( Figure 3b) ; the significant group Â test interaction (p ¼ 0.01) demonstrated that MTEP pretreatment decreased responding only in the NIC + VS group (p's ¼ 0.02). For the 2-lever group, self-administered and experimenter-administered nicotine produced statistically similar effects on VS-lever responding (p ¼ 0.18) and the enhancing effect of nicotine was not attenuated by MTEP (p ¼ 0.98) in this group. The VS-only group confirmed that pretreatment with 2 mg/kg MTEP did not affect motor activity or VS-derived reinforcement (p ¼ 0.18).
VS-seeking. Pretreatment with MPEP (
DISCUSSION
We have suggested that nicotine acts in two distinct ways to promote self-administration in preclinical models and tobacco consumption in humans . First, nicotine directly strengthens operant responding (primary reinforcing effect, see Chaudhri et al, 2006) . Second, nicotine enhances the incentive value of reinforcing nonpharmacological stimuli Donny et al, 2003; Palmatier et al, 2006) . The dual reinforcing effects of nicotine raise important questions about pharmacological smoking cessation aides, namely, how do these therapies affect these two distinct actions of nicotine? The present studies were designed to examine the role of a potential pharmacotherapeutic target, mGlu5 receptors, on the two reinforcement related effects of nicotine. Two new findings emerged that may benefit the development of smoking cessation aides. First, nicotine seeking depends on glutamatergic activity at mGlu5 receptors. Second, the reinforcement enhancing effects of nicotine do not depend on signaling at these receptors. Metabotropic glutamate receptors include eight subtypes that have been divided into three groups according to G-protein coupling and sequence homology: group I (mGluR1, 5), group II (mGluR2-3), and group III (mGluR4, 6-8; Conn and Pin, 1997) . The moderate to high density localization of mGlu5 receptors in the frontal cortex, striatum, nucleus accumbens, and hippocampus , as well as their modulatory role in membrane excitability in these regions (eg Domenici et al, 2003) has made them a target of interest for pharmacotherapeutic intervention in substance dependence (Chiamulera et al, 2001 ) and obesity (Bradbury et al, 2005) . Noncompetitive antagonists of mGluR5 decrease selfadministration of cocaine (Kenny et al, 2005) , ethanol (Cowen et al, 2005) , and nicotine (Paterson and Markou, 2005; Paterson et al, 2003) . Many of these studies suggest that mGlu5 receptors mediate drug reinforcement and reward-related learning (see also Bäckström and Hyytiä, 2007) . However, including the present experiments, all demonstrations that mGlu5 compounds decrease drug self-administration occur in acute tests, suggesting that the mGlu5 compounds reduce the anticipatory motivational valence of the drug effect (ie 'wanting', Robinson and Berridge, 1993) , rather than the ability of the drug to strengthen or sustain operant responding per se.
Refinements in drug self-administration protocols have used progressive ratio (Roberts and Richardson, 1992) and chain schedules of operant behavior in attempts to evaluate 'motivation to take a drug' and dissociate 'drug-seeking/ appetitive' responses from 'drug-taking/consummatory' responses (Olmstead et al, 2000; Samson et al, 1998) . Although these methods do not necessarily separate 'wanting' from 'liking/reinforcing' (Berridge, 2007) , they provide additional measures of drug seeking that are less confounded by satiation and nonspecific post-administration drug effects. Using these procedures, a recent study demonstrated that MTEP decreased both the appetitive/ seeking and consummatory/taking components of ethanol self-administration in C57BL/J6 mice (Cowen et al, 2007) . Additionally, MPEP decreased progressive ratio break points for nicotine and cocaine self-administration in rats, suggesting that it decreased the motivation to obtain a drug infusion (Paterson and Markou, 2005) . Therefore, despite the problems dissociating motivation from reinforcement in the self-administration paradigm, the emerging pattern suggests that mGluR5s mediate the motivation to obtain a drug, rather than the post-administration reinforcing effect. Although the present studies did not specifically evaluate 'motivation' with one of the aforementioned paradigms, our findings are consistent with the hypothesis that MPEP and Figure 3 Panel (a) illustrates mean ( + SEM) active lever responding for groups tested with nicotine replacement and 0 or 12 mg/kg MPEP (Experiment 2). Panel (b) illustrates mean ( + SEM) active lever responding for groups tested with nicotine replacement and 0 or 2 mg/kg MTEP (Experiment 4). Since both mGluR5 antagonists reduced voluntary nicotine-intake (see Figure 2) , evaluating their impact on the reinforcement enhancing effects of nicotine required experimenter-administered infusions. Thus, rats in the 2-lever, NIC + VS, and NIC-only groups were given eight experimenter-administered infusions of nicotine during the 60-min test period, the VS-only group received eight saline infusions (hatched and solid bars, see Method). The antagonists decreased nicotine seeking but did not affect the reinforcement enhancing effects of nicotine. Both metabotropic glutamate 5 receptor (mGluR5) antagonists dose dependently decreased nicotine seeking. Neither antagonist decreased VS seeking when VS was presented in isolation (VS-only group), or when VS seeking and nicotine seeking were measured with separate/concurrent responses (2-lever group). Rats in the saline-only (Experiment 2) were not included in pharmacological tests. mGluR5 and nicotine reinforcementMTEP decreased the motivation to obtain nicotine. Both drugs decreased responding on the nicotine lever when infusions were contingent upon the operant response (Experiments 1 and 3), or when nicotine was administered by the experimenter (Experiments 2 and 4). However, neither of the two antagonists altered nicotine's ability to enhance the reinforcement derived from other non-nicotine stimuli.
Although initial tests suggested that the mGluR5 antagonists decreased the reinforcement enhancing effects of nicotine in Experiments 1 and 3, the accompanying decrease in nicotine intake confounded this conclusion. When self-administration of nicotine was 'replaced' by experimenter administration in Experiments 2 and 4, the reinforcement enhancing effects were sustained and these effects were not disrupted by MPEP or MTEP. Similarly, Markou and colleagues found that MPEP decreased nicotine self-administration but did not alter the facilitative effects of nicotine on brain-reward function as assessed by intracranial self-stimulation (ICSS) threshold (Kenny et al, 2003) . Although these findings seem to be complementary, we have previously argued that parallels between ICSS and sensory reinforcement should be made judiciously (Palmatier et al, 2007b) . For example, the present findings that blockade of mGlu5 receptors did not affect responding for sensory reinforcement per se, may contrast with recent findings from the ICSS paradigm showing that MPEP decreased brain reward function (eg Liechti and Markou, 2007) . Arguably, a change in brain reward function induced by the mGluR5 antagonists should have been accompanied by a decrease, or possibly a compensatory increase, in responding for sensory reinforcement (VS-only group). Since a change in ICSS threshold is a direct measure of current brain reward function (Markou and Koob, 1992) , it would undoubtedly be more sensitive to changes in brain reward than sensory reinforcement. Future studies should investigate the potential convergent and divergent information provided by ICSS threshold and sensory reinforcement models. For example, ICSS threshold may be an important measure of the affective consequences of drug administration/withdrawal, whereas sensory reinforcement may be more related to the cognitive enhancing effects of drugs.
In summary, negative allosteric modulators of mGlu5 receptors decreased nicotine seeking, but did not disrupt the reinforcement enhancing effects of nicotine administration. Given the fidelity of the concurrent access model for dissociating the two reinforcement-related effects of nicotine, this paradigm may be considered a useful preclinical screen for potential smoking cessation aides. Arguably, negative allosteric modulators of mGluR5 represent potential therapeutics that do not interfere with nicotine's ability to enhance mood (ie decrease ICSS threshold, Harrison et al, 2002) or to enhance cognitive function (ie reinforcement enhancing effects, present studies). A treatment that could reduce nicotine seeking without altering the mood-or cognitive-enhancing effects of nicotine (eg MTEP) could be an effective adjunct to current replacement therapies.
